This work introduces a polymer-free optode nanosensor for ratiometric sodium imaging. Transmembrane ion dynamics are often captured by electrophysiology and calcium imaging, but sodium dyes suffer from short excitation wavelengths and poor selectivity. Optodes, optical sensors composed of a polymer matrix with embedded sensing chemistry, have been translated into nanosensors that selectively image ion concentrations. Polymer-free nanosensors were fabricated by emulsification and were stable by diameter and sensitivity for at least one week. Ratiometric fluorescent measurements demonstrated that the nanosensors are selective for sodium over potassium by ,1.4 orders of magnitude, have a dynamic range centered at 20 mM, and are fully reversible. The ratiometric signal changes by 70% between 10 and 100 mM sodium, showing that they are sensitive to changes in sodium concentration. These nanosensors will provide a new tool for sensitive and quantitative ion imaging.
I
on channels, though largely associated with the study of excitable cells such as neurons 1 and myocytes 2 , play key roles in a broad spectrum of physiological processes including cancer cell proliferation 3, 4 and inflammation 5 . Whole-cell and single-channel electrophysiology recordings are standard techniques to characterize channel biophysical properties and a suite of calcium indicator dyes (e.g. Fluo, Fura, Indo) can report spatiotemporal calcium dynamics with fluorescence microscopy 6 . However, indicator dyes for sodium (SBFI, CoroNa, Asante Natrium Green) and potassium (PBFI) are less widely used, due in part to their selectivity, photostability, and short wavelengths. A new, robust fluorescent sodium or potassium sensor could elucidate the connection between disease-linked ion channel mutations or abnormal expression patterns and intracellular signaling.
Ion-selective optodes, the optical equivalent of ion-selective electrodes 7, 8 , provide an attractive platform for designing new intracellular nanosensors. Their general formulation contains a matrix of plasticized polymer, a pH-responsive chromoionophore, an optically inactive ionophore, and an optically-inactive hydrophobic charge-carrying molecule to facilitate ion exchange within the sensor's hydrophobic core [9] [10] [11] . The ionophore selectively carries an ion, sodium for example, into the core, and that sodium ion deprotonates the chromoionophore in order to maintain charge neutrality in the core. The chromoionophore's absorbance and fluorescence reflect this protonation change, thus connecting the sodium concentration to the sensor's optical properties.
Previous works from our group directly translated bulk optodes into nanosensors for real-time, single-cell, bioanalytical chemistry [12] [13] [14] [15] [16] . In those works, the matrix supporting the sensing components contained ,33% polymer and ,66% plasticizer. The polymer imparts mechanical stability while the plasticizer allows the three encapsulated sensing components to diffuse within an individual nanoparticle. Although the polymer's mechanical stability is advantageous during fabrication, removing the polymer from the formulation may eventually allow further size reductions. This could be key for using nanosensors for intracellular experiments, where small compartments such as dendritic spine necks may be as narrow as 100 nm in diameter 17 . For intracellular scenarios, a nanosensor must sense the ion of interest in a complex environment. Here, sodium is the ion of interest and potassium is the primary interfering ion. Intracellular potassium levels are ,140 mM for mammalian cells, which is sufficient to interfere with common fluorescent sodium indicators such as CoroNa 18 . Lamy et al. (2011) improved CoroNa's intracellular retention and stability by encapsulating the molecule within a fifth-generation poly(amido amine) (PAMAM) dendrimer and imaging dendritic sodium accumulation in brain slices 19 . Other researchers have had varying degrees of success with SFBI or Sodium Green 20 , but all three sodium indicators lack sensitivity and have low signal-to-noise. Furthermore, only SFBI is capable of ratiometric measurements, and it requires either single-photon excitation with expensive UV lasers 21 or two-photon optics 22 . To improve signal strength and provide ratiometric measurement we designed new, polymer-free nanosensors (PFNs) containing two dynamic fluorophores that emit with peaks at 580 and 680 nm.
Results
In this work we demonstrate that polymer-free optode nanosensor (PFN) formulations are functional, stable, and tuned to be sodiumselective in a physiologically-relevant environment. In traditional optode-based sensors, the supporting matrix contains ,33% polymer for stability and ,66% plasticizer to allow the sensing components to freely diffuse within the optode and extract the analyte of interest. This stability is also beneficial when translating optode sensors into nanosensors through an emulsification step. As long as the emulsification step is relatively brief (,1 min), PFNs with protonated chromoionophore are attainable and they appear blue.
We first demonstrated stability by two measures; response stability to show that PFNs maintain their sensitivity and size stability to show that PFNs do not aggregate. Calibrations for sodium responses through 8 days showed that the ratiometric measurement had a very stable response ( Figure 1A ). On day 0, PFNs detected sodium with a dissociation constant, K d , of 5.9 6 0.5 mM ( Figure S1 ), and that K d changed to 3.7 6 0.2 mM by day 8 ( Figure 1B) . The largest change in K d occurred between the first two days of the study, and although the statistical model determined that the effect of time was statistically significant (p , 0.0001), its effect only reduced the K d by 2.2 mM overall. Thus, PFN sensitivity is very reliable through 8 days if stored at room temperature and shielded from light.
Both fluorophores, octadecyl rhodamine (Rhd18) and chromoionophore III (CHIII) also retained their sensitivity during the eightday experiment. The fluorescent response for Rhd18 and CHIII over 1 log unit of sodium, between 10 mM and 100 mM, changed very minimally ( Figure S1A ), and the statistical effect was insignificant (Rhd18: p 5 0.72; CHIII: p 5 0.21). Interestingly, the ratio of CHIII5Rhd18 did decrease at a statistically significant level (p , 0.0001), but the change in sensitivity was only 6% over the 8 days ( Figure S1B ). These results indicate that if the local sodium concentration were to change from 10 mM to 100 mM, the ratiometric measurement of CHIII fluorescence to Rhd18 fluorescence would be approximately 6% less on day 8 than on day 0.
The sensitivity is defined as the slope of the log-linear sensor range. Between 10-100 mM sodium Rhd18 increased with a slope 8000 RFU/log[(Na 1 )], and its fluorescence increased by 103%. Over the same range, CHIII decreased with a slope of 3900 RFU/ log([Na 1 ]), and its fluorescence decreased by 40%. The ratio of the CHIII5Rhd18 had a slope of 0.08/log[(Na 1 )], and it decreased by 71%. Altogether, PFNs exhibit excellent sensitivity to changes is sodium concentrations relevant to mammalian cells and retain their sensitivity for up to eight days at room temperature.
For PFNs to function as probes for localized ion fluxes, they must remain nano-scale in size and not spontaneously agglomerate. Size stability was measured by DLS when PFNs were stored at room temperature for eight days. Immediately after emulsification, PFNs showed an effective diameter of 254 nm (Figure 2A) , and by the 8 th day the mean diameter had decreased by only 8 nm (p 5 0.001). Although this effect was statistically significant, the actual change was very small and the results demonstrate that PFNs are stable nano-emulsions for up to eight days.
The smallest PFN size population was isolated by a centrifugation step. Four different centrifugation speeds -2500, 5000, 7500, or 10,000 3 g -and four time points -3, 6, 9, or 12 minutes -each provided a different but predictable trend for isolating PFNs of a particular size. Prior to centrifugation, all samples measured 264 nm ( Figure 2B ), and, predictably, faster centrifugation speeds and longer times reduced the effective diameter. The case of 10,000 3 g for 12 minutes provided the only large deviation from this trend, as that case actually increased the measured particle size from 130 nm to 150 nm. Based on these results, PFNs with effective diameters anywhere from 130-260 nm are easily attainable.
The K d for the smaller PFNs was then compared to un-centrifuged PFNs by centrifuging PFNs for 9 minutes at 2500, 5000, 7500, or 10,000 3 g and then measuring their responses to sodium. The uncentrifuged PFNs had a K d of 4.5 mM, which was significantly different (p , 0.0001) from all other treatments ( Figure 2C ). All of the measured K d values for centrifuged PFNs were between 15-25 mM, though there was a significant difference between the 2500 and 7500 3 g preparations.
In order to characterize PFN selectivity for sodium over potassium, the primary intracellular interfering ion, PFN responses to sodium were measured in the presence of a range of static potassium concentrations ( Figure 3A ). The K d did not change between 1-50 mM potassium, but the increase in Kd due to 150 and 333 mM potassium was significant (p , 0.0001) ( Figure 3B ). The low and high ends of physiologically-relevant ranges for most mammalian cells spans 4 mM and 150 mM for sodium and potassium. To calculate the selectivity coefficient for sodium over potassium, PFN responses to potassium in the presence of 4 mM and 150 mM background sodium were measured and fit to the Nicolskii-Eisenman model (Equation 3). In 4 mM and 150 mM background sodium, PFNs responded to potassium with a K d of 543 mM and 1785 mM, respectively. This leads to a selectivity coefficient, Figure S3B ). For intracellular analysis, the 150 mM case is the most relevant, and the K d for potassium in both cases means that the effects of physiologicallyrelevant potassium dynamics have been minimized. PFN responses when both fluorophores are simultaneously excited were measured on a confocal microscope by first loaded dialysis tubing with PFNs and then imaging the PFNs in 0-1000 mM sodium (Video S1). Both fluorophores responded dynamically to changes in sodium concentration ( Figure 4A ), and the ratio of the two fluorophores, measured as 6805580, changed by 87% between 0 mM NaCl and 100 mM NaCl ( Figure 4B ). PFNs were also responsive to physiologically-relevant changes as well; the fluorescence ratio changed by nearly 60% between 8 and 100 mM sodium. The calibration data also fit the Hill equation ( Figure S4 ) and produced a K d of 10.9 mM for the ratio of 6805580 nm. This K d value is lower than the values measured in calibrations performed on a plate reader, but this is likely a consequence of exciting both fluorophores simultaneously since CHIII has some absorption from 555 nm laser excitation and the 580 Rhd18 emission.
Reversibility is key to characterizing sodium influx parameters similar to ones made for calcium sparks, such as the rise and decay times 23 . To demonstrate reversibility, and to simulate reversible sodium fluctuations 14, [24] [25] [26] , short sections of dialysis tubing containing unknown amounts of PFNs were mounted on a microscope flow chamber and images were recorded at 10 second intervals (Video S2). The medium cycled between solutions of 10 or 100 mM NaCl in 10 mM HEPES. The profile of mean fluorescence for each fluorophore ( Figure 5A ) illustrates the variability due to differences in PFN concentration between batches, but reversibility is still evident. The ratio of fluorescence from the two fluorophores, CHIII5Rhd18 shows the benefits of a ratiometric nanosensor ( Figure 5B ). Most importantly, though, the sensors reverse and can go through many cycles with repeatable performance.
Discussion
The shortcomings of existing indicator dyes for imaging sodium or potassium have been discussed elsewhere 22 , and new ion imaging reagents are a known need. The new sensor presented here is simple to fabricate and nanosensors with hydrodynamic radii ,130 nm are easy to isolate from the crude product ( Figure 2B ). There was a noted increase in K d from 4 mM to 20 mM when smaller PFNs were separated by centrifugation ( Figure 2C ). For intracellular analysis, a K d of 20 mM is preferable over a K d of 4 mM because the resting intracellular sodium concentration is 5-12 mM in most mammalian cells 14, [27] [28] [29] . If higher K d values were of interest, for example in a squid giant axon, then the PFN formulation should contain more chromoionophore relative to ionophore so that the PFNs are still responsive to sodium influxes of up to 400 mM 30 . This tunability is a key advantage over molecular dyes that would require chemical modification to change their sensitivity.
Nanosensors must respond linearly to sodium with high sensitivity and selectivity over potassium and other ions. A K d value within the expected range of values will produce a linear sensor response. After separating sub-200 nm nanoparticles, PFN K d values were approximately 20 mM, which is nearly ideal for intracellular analysis. One recent study determined that volumetric sodium concentrations only change by a few mM from baseline during action potentials 31 , and these sensors are well-suited to measure changes is sodium concentrations around 15-20 mM (Figure 3 ).
PFNs also compare favorably to other sodium indicators like CoroNa Green and SBFI. One recent approach to encapsulate CoroNa Green within a sixth generation poly(amido amine) dendrimer determined that the system had a K d of 81.2 mM, which is very close to another independent calibration of the molecular dye itself. SBFI 19, 32 , a ratiometric sodium indicator, has a lower K d of 10-20 mM, but its emission peaks are both below 400 nm 32, 33 and that limits its effective depth within a tissue. SBFI is also limited by its low quantum yields of 0.08 and 0.045 in its sodium-bound and free forms, respectively 34 , while Rhd18 and CHIII have quantum yields of nearly 0.6 35 and 0.25 36 , respectively. Additionally, PFNs respond to sodium in both intracellular and extracellular concentrations, while SBFI is known to saturate around 100 mM sodium and is not suitable for measuring extracellular sodium 37 . Due to these sufficient drawbacks to existing sodium indicators, PFNs are a significant improvement for quantitatively measuring physiologically-relevant sodium concentrations.
Selectivity must always be demonstrated with optode-based ion sensors. The ionophore used here, sodium ionophore X, has been robustly characterized for use in ion selective electrodes 38, 39 and in ion-selective optodes 40, 41 . Based on those reports, the primary interfering ion for this sensor is potassium, and thus we determined the selectivity coefficient for this sensor formulation to be 1.09-1.43 depending on the background ionic strength ( Figure S3A and S3B). This ionophore is at least one additional log unit more selective over calcium than it is over potassium [38] [39] [40] [41] , so although calcium concentrations could change dramatically, PFNs will not respond to those changes.
The measured selectivity coefficients are lower than microparticlesized sodium optode sensors that measured log K opt Na,K À Á values of 2.4-2.8 using a very similar formulation 41 . Intracellular potassium in excitable cells drops only by 20-25 mM, even during long-term or repeated depolarizations such as cortical spreading depression models 42 , ischemia 43 , or high-intensity exercise 44 . Furthermore, the actual change in 6805580 emission in response to potassium changes 4-150 mM is quite small. If sodium remained constant as potassium levels changed from 140 to 115 mM, the observable change in 6805580 would be only ,7% of the signal and indicate a 'false' sodium increase of 9 mM. Thus for the conditions of intracellular analysis, these PFNs are much more sensitive to sodium changes than potassium changes.
Perhaps the most attractive feature of the PFN design is the ratiometric signal, which is important for scenarios when sensor loading is difficult to control. The measurement of 6805580 proved to be independent of nanosensor concentration (Figures 4B and 5B) . Additionally, CHIII and Rhd18 are both environmentally-sensitive to pH, but in opposite directions. At an acidic pH in hydrophobic media, Rhd18 fluorescence is low, but in more basic conditions its fluorescence increases dramatically 45 . Conversely, CHIII is highly protonated in acidic conditions and fluoresces strongly while it does not fluoresce well when it is deprotonated 9, 11 . Having two dynamic fluorophores ( Figures 4A and 5A ), rather than one as a static reference fluorophore, increased the ratiometric measurement sensitivity ( Figures 4B and 5B) .
In this work, we designed and validated optical nanosensors that are selective for sodium. By implementing a design with nanoparticles composed of polymer-free optode components and two dynamic fluorophores, we produced sensors with a ratiometric signal and the ability to selectively and reversibly measure sodium. The sensors are bright, shelf-stable, and size-separable with a standard benchtop centrifuge. Simply using an appropriate ratio of sensing components and separation, PFNs with a K d of 15-25 mM and reversible sodium responsiveness were produced. Future work will focus on applying these sensors to electrophysiological studies of excitable cells.
Methods
Materials. Bis(2-ethylhexyl) sebacate (DOS), chromoionophore III (CHIII), sodium ionophore X (NaIX, 4-tert-butylcalix [4] arene-tetraacetic acid tetraethyl ester), Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium chloride (NaCl), 90,000 MW poly(vinyl chloride) (PVC), dichloromethane (DCM) and tetrahydrofuran (THF) were purchased from Sigma-Aldrich. Octadecyl rhodamine B chloride (Rhd18) was purchased from Life Technologies. Tris Base was purchased from Fisher BioReagents. Spectra/Por in vivo micro-dialysis hollow fibers (inner diameter 200 mm; outer diameter 280 mm, MWCO 13 kD) were purchased from Spectrum Labs, Inc. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-550] (ammonium salt) (DSPE-mPEG550) was purchased from Avanti Polar Lipids, Inc.
Polymer-free nanosensor (PFN) fabrication. First, the sensing components NaIX (2 mmol, 2 mg), CHIII (878 nmol, 0.5 mg), NaTFPB (1.12 mmol, 1 mg), and Rhd18 (123 nmol, 0.09 mg) were reconstituted separately with THF, combined in a 2 mL glass vial, and dried under nitrogen. Just as the THF dried, DOS (428 mmol, 200 mL) was added to the sensing components and vortexed for 30 seconds. If the sensing components were completely dried, the resulting PFNs lost fluorescence and responsiveness. Just prior to nanosensor fabrication, DSPE-mPEG550 (500 mg/mL, 0.05% w/v) was dissolved in the HEPES buffer (2.38 mg/mL, 10 mM and the pH adjusted to 7.2 with tris base) prior to nanosensor fabrication. In a typical PFN fabrication, 40 mL of polymer-free optode was added to 4 mL of HEPES buffer containing 0.05% DSPE-mPEG550 in a glass vial. The mixture was sonicated for 1 minute with a Branson digital sonifier (S-450D) at 10% intensity with a 1/8'' diameter tip. If PFNs are sonicated for longer than 1 minute at 10% amplitude, the chromoionophore becomes deprotonated.
Plasticized polyvinyl chloride (PVC) nanosensor fabrication. Nanosensors with a matrix of plasticized PVC were made as previously reported 12, [14] [15] [16] . Briefly, PVC (36 nmol, 3.3 mg), DOS (141 mmol, 66 mL), NaIX (200 mmol, 300 mg), CHIII (88 nmol, 50 mg), Rhd18 (12 nmol, 9 mg), and NaTFPB (112 nmol, 100 mg) were dissolved in 50 mL of THF in the same manner as PFNs. 70 mL DCM was added to the mixture, and it was sonicated for 3 minutes at 15% intensity in 4 mL of pH 7.2 HEPES buffer (2.38 mg/mL, 10 mM) containing DSPE-mPEG550 (500 mg/mL, 0.05% w/v). The resulting solution was filtered with a 0.2 mm syringe filter (Millipore).
Particle size measurements. Hydrodynamic diameters were measured by dynamic light scattering (DLS) using a 90 Plus particle size analyzer by Brookhaven Instruments Corporation. All particle size measurements were taken in triplicate by diluting the sample solution in 10 mM HEPES buffer, pH-7.2 so that the detector count rate measured 50-450 kcps. The detector measured scattered 640 nm light at a fixed angle of 90u, and calculated the effective diameter based on the intensity of scattered light.
PFN Size Separation. Solutions of freshly-prepared PFNs were centrifuged for 0, 3, 6, 9, and 12 minutes at 2500, 5000, 7500, or 10,000 3 g at room temperature. At each time point, 40 mL or PFN solution was removed and prepared for size measurement by dynamic light scattering, as described below. Data were analyzed to test for the individual effects of time and centrifugation speed and the interaction of centrifugation speed by time.
Size-dependent response to sodium. Freshly-prepared PFNs were centrifuged for 9 minutes at 2500, 5000, 7500, or 10,000 3 g at room temperature. Each sample was then calibrated for its fluorescent response to sodium in 10 mM HEPES buffer, pH 7.2. For each calibration point, the PFN solution was mixed with standard solutions so that the final NaCl concentrations were 0-500 mM NaCl and a total of 8 calibration points. 500 mM NaOH or HCl were used to, respectively, fully deprotonate or protonate the chromoionophore. The fluorescence intensities for Rhd18 (ex: 555, em: 580) and CHIII (ex: 639, em: 680) were measured with Spectramax M3 plate reader (Molecular Devices) in bottom read mode through clear-bottom 96-well plates. The fluorescence ratio for CHIII5Rhd18 was calculated as:
R~6
80 emission 580 emission ð1Þ
The ratios for 680/580 were then normalized by computing alpha, defined as:
where R i is the ratio at a particular NaCl concentration, i, R P is the ratio when the chromoionophore is fully protonated, and R D is the ratio when the chromoionophore is fully deprotonated. were measured on a plate reader and the value of alpha was calculated for the ratio of 680/580 emission intensities as described above. To quantify the PFN selectivity for sodium over potassium, PFNs were also calibrated for their response to potassium in 4 or 150 mM background sodium. The calibration data were fit to the NicolskiiEisenman model with a fixed interfering ion 10, 46 , which defines the selectivity coefficient for an optical sensor, K opt ij , as: Stability of response and size distribution. In order to characterize the shelf-life for PFNs, their size and fluorescent response to sodium were evaluated over the course of 8 days. In triplicate, PFNs were fabricated and stored at room temperature while protected from exposure to ambient light. At days 0, 1, 2, 4, 5, 6, 7, and 8, aliquots were removed to measure the mean particle size, by DLS as described above, and to calibrate the PFN response to sodium. For the calibration, a plate reader read the fluorescent emission for Rhd18 and CHIII in solutions of 0-500 mM NaCl in 10 mM HEPES buffer, pH 7.2, as well as 0.5 M HCl and NaOH solutions for fully protonated and fully deprotonated controls, respectively. Values for K d and particle size were examined using a general linear model to test for the effect of time on either size or K d .
Calibration and reversibility with confocal microscopy. PFNs were imaged inside of dialysis tubing mounted in a flow chamber for optical microscopy. The setup, described and demonstrated previously 46 , involved filling a 1.5 cm length of microdialysis tubing (ID: 200 mm, OD: 250 mm, 13 kDa MWCO, Spectrum Labs) with PFNs suspended in 10 mM HEPES buffer, sealed on its ends with 60-second curing epoxy, and fixed to a 15 mm diameter circular glass coverslip with two drops of watercuring epoxy. The concentration of PFNs was unknown a priori. The glass coverslip was then secured in a flow chamber (Warner Instruments, RC-21BRFS) and mounted for imaging on a laser scanning confocal microscope (Zeiss LSM 700). For calibration experiments, 555 nm and 639 nm laser light excited both fluorophores simultaneously, and the two emissions were filtered with a shortpass filter at 610 nm (Rhd18) and a longpass filter set to 640 nm (CHIII). Images were acquired at 30 second intervals and the solutions were changed every 3 minutes. Solutions of 0, 2, 8, 25, 100, 300 and 1000 mM NaCl in 10 mM HEPES were used to calibrate the PFNs. Data were then fit to the dose-response equation.
For reversibility experiments, solutions of 10 or 100 mM NaCl were flowed through the chamber alternatively for 3 exchange cycles. The microscope acquired simultaneous images for Rhd18 and CHIII as the solution changed and images acquired every 30 seconds with the same excitation and emission settings as above. Images were analyzed with the Fiji 47 plugin suite of ImageJ (NIH) with the region of interest defined as the interior of the dialysis tube and the region of interest definitions for both channels were identical. 
